A liquid chromatography/electrospray/mass spectrometry (LC/ES/MS) method was developed for the analysis of glyphosate (n-phosphonomethyl glycine) and its metabolite, aminomethyl phosphonic acid (AMPA) using isotope-labelled glyphosate as a method surrogate. Optimized parameters were achieved to derivatize glyphosate and AMPA using 9-fluorenylmethyl chloroformate (FMOC-Cl) in borate buffer prior to a reversedphase LC analysis. Method spike recovery data obtained using laboratory and real world sample matrixes indicated an excellent correlation between the recovery of the native and isotope-labelled glyphosate. Hence, the first performance-based, isotope dilution MS method with superior precision, accuracy, and data quality was developed for the analysis of glyphosate. There was, however, no observable correlation between the isotopelabelled glyphosate and AMPA. Thus, the use of this procedure for the accurate analysis of AMPA was not supported. Method detection limits established using standard U.S. Environmental Protection Agency protocol were 0.06 and 0.30 mg/L, respectively, for glyphosate and AMPA in water matrixes and 0.11 and 0.53 mg/g, respectively, in vegetation matrixes. Problems, solutions, and the method performance data related to the analysis of chlorine-treated drinking water samples are discussed. Applying this method to other environmental matrixes, e.g., soil, with minimum modifications is possible, assuring accurate, multimedia studies of glyphosate concentration in the environment and the delivery of useful multimedia information for regulatory applications.
G lyphosate (n-phosphonomethyl glycine) is a global herbicide widely used in forest management, agricultural applications, and urban landscape management. Glyphosate has been recognized as a benign, environmentally friendly herbicide with low toxicity (1) . However, there are concerns over the toxicity of glyphosate, which have been documented in a recent review (2) indicating that glyphosate and ingredients in glyphosate products might pose various health and environmental concerns. Judging from the scope and quantity of glyphosate being used worldwide, it is important that a rugged routine method be available for the accurate determination of glyphosate in environmental matrixes to ensure consistent data quality such that environmental assessment and abatement steps can be performed with confidence. An isotope dilution mass spectrometry (IDMS)-based glyphosate analytical method would be the method of choice to fulfill these requirements because of its inherent ability to correct for uncertainty during sample analysis (3) . Neither a gas chromatography (GC) nor a liquid chromatography (LC)-based IDMS glyphosate analytical method has yet been described.
Glyphosate and its metabolite, aminomethyl phosphonic acid (AMPA), have very similar molecular structures to naturally occurring amino acids. Because of the high ionic strengths of these compounds, organic solvents cannot be used to extract them from environmental matrixes. This has made the determination of glyphosate in environmental samples a challenge to analytical chemists since the introduction of glyphosate in 1974. Various analytical methods have been documented for the analysis of glyphosate and AMPA using GC (4-7) or LC (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) with various detectors including fluorescence (8) (9) (10) (11) (12) (13) (14) (15) 17) , MS (7, 16) , and bench-top MS detectors (MSD; [4] [5] [6] . GC/MSD-based analytical methods (4-6) are economical, have good selectivity and sensitivity, but use complicated derivatization processes. These methods, as a result, require highly trained staff to perform the sample preparation procedures. It is also worth noting that, to date, none of the documented GC/MS glyphosate analytical methods uses an IDMS protocol. In view of their complicated derivatization reaction, these GC/MS methods could be subject to inconsistent data quality because of their inability to correct for the in-herently higher uncertainty present in all current GC/MSDbased glyphosate analytical methods.
Advances in LC technology have lead to the development of various LC methods using both precolumn (8, 9, 11, 12, (14) (15) (16) and postcolumn derivatization methods (10, 13, 17) followed by fluorescence (8) (9) (10) (11) (12) (13) (14) (15) 17) and MS detection (16) for the determination of glyphosate and AMPA in environmental and food matrixes. The precolumn LC method, in general, uses a lower-maintenance and simpler derivatization procedure than postcolumn methods and is the preferred procedure. The precolumn derivatization LC method, though it is a more rugged analytical approach, is still subject to the uncertainties produced during sample preparation and analysis. The availability of isotope-labelled glyphosate and bench-top electrospray MS (ES/MS) systems offers the opportunity of developing a precolumn derivatization, LC separation, and IDMS analytical method that, upon its validation, should offer a rugged and cost-effective glyphosate analytical method with superior data quality. This paper describes an LC/ES/IDMS glyphosate analytical method that was validated for water and vegetation environmental matrixes. Parameters used for the precolumn derivatization of the glyphosate and AMPA and the reversed-phase LC (RP-LC) separation were optimized. Using laboratory quality control (QC) and field samples, we studied the behavior of 13 C 15 N-glyphosate in environmental matrixes and its feasibility for use as an internal standard for LC/IDMS glyphosate and AMPA analysis. This method was validated using ground water, surface water, treated water, and vegetation matrixes collected throughout the province of Ontario, Canada. Satisfactory quality assurance data has been achieved for routine drinking water monitoring samples including surface and ground water samples.
Experimental
Due to the high ionic strengths of glyphosate and AMPA, all glassware used in this work was silanized using the Supelco Sylon CT silanizing solution (Supelco, Mississauga, ON, Canada) to address the concern of glass wall adsorption. Whenever possible and available, plasticware made of polypropylene was used to alleviate this concern. Water samples were collected routinely, in 500 mL plastic bottles, under the Ministry of Environment (MOE) for the province of Ontario's Drinking Water Surveillance Program. This included the routine collection of surface, ground, and treated water samples throughout the water treatment plants in the province for monitoring purposes. Vegetation samples, varying from tree leaf (apple, poplar, cherry) to agricultural produce (tomato, tobacco, beans) to common floral garden plants, were collected by various regional MOE offices for compliance and remedial activities. (h) LC mobile phase.-5mM ammonium acetate; was prepared by dissolving 0.77 ± 0.01 g ammonium acetate in 2 L deionized water and had a final pH value of 6.5.
Chemicals and Reagents

Calibration Solutions
Individual stock standards of glyphosate, AMPA, and N-glyphosate were prepared in deionized water in polypropylene volumetric flasks at a concentration of 1000 µg/mL. Intermediate standards were prepared from the stock solutions at a concentration of 100 µg/mL each, using deionized water. Five levels of calibration standard mixtures were prepared from the intermediate standards covering the range of 0.5-5.0 µg/mL for glyphosate and AMPA, the internal standard, 13 C 15 N-glyphosate, was maintained at 2.0 µg/mL.
Sample Preparation
(a) Water samples.-This procedure was validated using environmental water samples collected in 500 mL polypropylene sampling bottles and stored at 4-8°C prior to sample preparation. No preservative was required for collected samples. Samples were shown to have a shelf life of at least 30 days when stored at 4-8°C. Typically, water samples were prepared and analyzed in sets of 15 samples plus, for QC and quality assurance (QA) purposes, one laboratory matrix blank, one laboratory matrix spike, and one randomly chosen sample matrix spike.
To prepare the samples, a 50 mL aliquot of each water sample was transferred to a separate 250 mL round-bottom flask or a 200 mL TurboVap flask (Zymark, Hopkinton, MA) using a 100 mL plastic graduated cylinder. To each aliquot was added 40 µL of the 100 µg/mL (4 µg) ple was transferred to a 100 mL silanized glass centrifuge tube, fortified with 40 µL of the 100 µg/mL (4 µg)
N-glyphosate solution, and left to equilibrate at room temperature overnight.
After equilibration, the fortified vegetation samples were extracted with 60 mL dichloromethane-water (20 + 40, v/v) in a Waring blender for ca 2 min at high speed. The extract was then centrifuged for 20 min at 3500 rpm, and the supernatant (water layer) decanted to a silanized round-bottom flask and reduced to dryness via rotary evaporation. The residue was reconstituted in 1 mL deionized water. The cleanup of vegetation samples for the removal of interfering compounds such as sugars and amino acids (4) was accomplished using pre-prepared, 10 mL AG ® 50W-X8 (H + form), cation-exchange columns (Poly-Prep ® , 200-400 mesh, BIO-RAD Laboratories, Hercules, CA). Immediately prior to extract cleanup, the shipping solution in the cartridge was drained through the resin bed and discarded. The cartridge was then conditioned by filtering 10 mL deionized water through the resin bed. For the cleanup, 0.5 mL sample extract was applied to the resin and bedded down. The analytes of interest were then eluted from the cartridge, via gravity, with 12 mL cartridge elution solution. The first 2 mL eluate, which contained interfering sugars and other possible contaminants, was discarded. The following 10 mL eluate was collected in a 15 mL plastic centrifuge tube. The collected extract was evaporated to dryness using a roto-evaporator and the residue reconstituted in 0.5 mL borate solution. After reconstitution, the residue was reacted overnight with 0.5 mL FMOC-Cl solution. The derivatized sample was then filtered through a 0.45 µm nylon filter into a 1.0 mL polyethylene sample vial and analyzed by LC/MS.
Instrumentation and Analytical Procedures
The analysis was done on a Hewlett Packard (HP) 1100 LC/MS system which was equipped with a binary pump, a constant temperature column controller, a programmable continuous flowthrough autosampler, a diode array detector (DAD), an ES ionization source, and a quadrupole mass analyzer. The ES source was set in the negative ionization mode. The RP-LC separation was achieved using a Zorbax SB-C18, 75 × 4.6 mm, 3.5 µm, nonendcapped, analytical column connected to an identical 5 × 4.6 mm, 3.5 µm guard column. Column temperature was maintained at 30°C to ensure the reproducibility of the retention time. The mobile phase of acetonitrile (ACN) and water containing 5mM ammonium acetate (pH = 6.5) was delivered at a flow rate of 0.65 mL/min. For the gradient elution, the initial mobile phase concentration of 5% ACN was increased, in a linear gradient, to 75% ACN at 5 min, held at 75% ACN for 1 min, and rapidly increased to 95% ACN at 6 min. This 95% ACN-content mobile phase was held for an additional 6 min in order to elute excess FMOC-Cl and derivatization reaction by-products from the column prior to the next analysis. The mobile phase was then rapidly returned to its original composition and the analytical column was reconditioned for 3 min prior to the next injection. Total analysis time was 15 min. The injection volume for each analysis was 20 µL.
This LC/MS system was demonstrated to have a linear range of 2-200 ng on-column for glyphosate. Typical glyphosate loadings in the collected real world samples ranged from 0 ng on-column (drinking water samples) to >500 ng on-column, (vegetation samples). As stated earlier, a 5-point calibration curve was used to maintain the dynamic range requirement of the analysis for glyphosate and AMPA.
The LC/MS system was controlled using an Intel Pentium II 233 CPU-based personal computer running Microsoft Windows' NT 4 operating system. MS data was acquired in selected ion monitoring mode and processed using standard HP ChemStation software. LC retention times from the selected ion monitoring plot (SIMP), one target ion, one qualifier ion, and the ratio of relative response factors of the target and qualifier ion were used to identify the Gly-FMOC, AMPA-FMOC, and Prior to LC/MS analysis, the nebulizer was rinsed to remove any traces of buffer or other contaminants which might interfere with the ionization process. The electrospray chamber was also thoroughly cleaned with deionized water followed by a methanol-deionized water (50 + 50, v/v) solution. This cleaning process was also a crucial step in minimizing potential carry-over problems. The N 2 gas pressure and flow rate of the ES source was set to 40 PSI and 12 L/min, respectively, while the temperature and capillary voltage was set at 350°C and 3500 V, respectively. Data was collected with the ES source set in the negative ionization mode. For the initial method setup, and after any major maintenance, the MS system was calibrated and tuned automatically using a proprietary tuning mixture (HP Part No. G2421A).
The typical sequence order for routine glyphosate LC/MS analysis was as follows: deionized water (system blank), 5 levels of calibration standard, deionized water, detection limit checking standard, 10 samples, a calibration standard (mid-level standard), 10 samples, mid-level standard, a method spike (laboratory matrix spike), a method blank (laboratory matrix blank), a sample matrix spike, mid-level standard, deionized water and, finally, a detection limit checking standard. The purpose of the detection limit checking standard was to ensure that the sensitivity of the LC/MS system would meet at least 33% of the method detection limit throughout the whole analysis. The sequence order and number of calibration standards analyzed varied, depending upon the number of samples in a given sample set.
The MS was set to monitor ions 168 and 390 for native glyphosate, ions 170 and 392 for 13 C 15 N-glyphosate, and ions 110 and 332 for AMPA. The window for MS data acquisition was 2.5-6 min after injection. In this way, only MS data for Gly-FMOC and AMPA-FMOC, which eluted after the column void volume and excess borate buffer but before the excess FMOC-Cl and other late eluting contaminants, were collected. The DAD was set to monitor wavelengths 220 and 254 throughout the entire 15 min of runtime. DAD data was, therefore, available not only for tracking the progress of the run and the condition of the analytical column, but also for monitoring the presence of excess contamination in any given sample. By constantly evaluating the DAD data, it was possible to keep carry-over and MS contamination to a minimum and thus obtain the best LC/MS analytical data possible.
Analytical turnaround time, i.e., the time required to complete the analysis of a set of samples, was 3-4 days. HP ChemStation software and Microsoft Excel were used for data processing and result calculations to generate the final report. Linear least-square and statistical analyses were done by Excel's LINEST function.
Results and Discussion
This method used FMOC-Cl to derivatize the amine moiety in glyphosate and AMPA (8) . The reaction scheme is shown in Figure 1 . The formation of glyphosate-FMOC and AMPA-FMOC molecules allows the use of a routine RP-LC analysis in place of the traditional ion-exchange LC method (8, 14, 15) . The neutral nature and relative bulkiness of the FMOC species permitted a greater degree of retention on an RP column than could be achieved for their polar, underivatized counterparts. The use of an RP column in place of the ion-exchange column for LC separation also eliminated the need for inorganic acids and/or other strong inorganic buffers in the mobile phase. This facilitated electrospray ionization of the Gly-FMOC and AMPA-FMOC molecules and, consequently, ES/MS analysis. Figure 2 shows a reconstructed RP-LC chromatogram obtained from MS and UV spectral data. The LC separation was optimized to minimize interferences and enhance resolution of the target analytes such that the Gly-FMOC and AMPA-FMOC peaks exhibit baseline resolution. As described earlier, a postanalysis run of 6 min with a high organic content in the mobile phase was used to assure that FMOC-Cl and other residual contaminants were completely eluted from the column prior to the next analysis. Mass spectra of native Gly-FMOC, Method performance data for glyphosate and AMPA analysis were determined using 8 replicate method spike samples for both water and vegetation matrixes. The results are shown in Table 1 . In addition to superior sensitivity, this method performs well at low and high levels of analyte concentrations as shown in Table 2 .
Optimization of Gly-FMOC and AMPA-FMOC Measurement Parameters
We first optimized the fragmentation voltage (skimmer voltage) of the ES source using a capillary voltage of 3500 V and an N 2 gas flow rate of 12 L/min by monitoring the intensity of the integrated areas of SIMP obtained from ions 390 (Gly-FMOC) and 110 (AMPA-FMOC). This was a necessary step as a low fragmentation voltage would result in insufficient collisions (charged molecules) and, therefore, minimal MS signal. A high fragmentation voltage, on the other hand, would excessively fragment the molecule and also result in a reduced MS signal for the target analytes. Using the parameters mentioned above, the software was set to increase the fragmentation voltage at 10 V increments from 10 to 120 V using a short 0.5 cm column, and an isocratic mobile phase composition of ACN-5mM ammonium acetate (50 + 50). The result is shown in Figure 4 , where the SIMPs obtained from ions 390 and 110 are plotted for each fragmentation voltage. It is clear from Figure 4 that the highest intensity for Gly-FMOC and AMPA-FMOC were achieved between 50-70 and 90-110 V fragmentation voltage, respectively. We therefore used a fragmentation voltage of 70 V throughout this study.
Optimization of 9-Fluorenylmethyl Chloroformate Reaction
In addition to the fragmentation voltage, sensitivity of this method was also affected by the Gly-FMOC yield from the derivatization process. The use of excess (dilution of the final products) or insufficient reagents (incomplete reaction) in the derivatization process were both shown to reduce method sensitivity. The method sensitivity was therefore further optimized by monitoring the volume of reagents used in the derivatization process that resulted in the highest instrument response for the Gly-FMOC molecule.
Seven reagent water method spike samples were prepared using procedures described in the Experimental section above. Different volumes of FMOC-Cl reagent (10, 20, 50, 100, 200, 500, or 1000 µL) were added to each sample, mixed well, and left to react at room temperature overnight. After reaction, where necessary, the volume of each solution was adjusted to 2 mL by adding deionized water. The solutions were filtered through 0.45 µm nylon syringe filters into plastic autosampler vials and analyzed by LC/MS. Figure 5A shows a plot of instrument response versus reagent volume for each of the target compounds. It is evident from the plot that, after reaching a maximum response at 200 µL FMOC-Cl reagent volume, the instrument response (or method sensitivity) declined with increasing reagent volume.
Using chlorine-treated drinking water samples (laboratory tap water), we repeated this experiment and found that 500 µL instead of 200 µL ( Figure 5B ) of the FMOC-Cl derivatizing agent was required to maximize the method sensitivity. A simple explanation might be that chlorine residues in the treated water would shift the FMOC-Cl and glyphosate reaction (Figure 1) to the left and require additional FMOC-Cl reagent to balance the reaction. We also note that for chlorine-treated water samples, one must add the borate buffer directly to the sample prior to sample concentration to achieve a recovery for glyphosate. Adding the borate buffer after the sample concentration step would result in minimal or no recovery of the glyphosate at all. This is illustrated in Figure 6 , in which liquid chromatograms obtained by adding the borate buffer before (B) and after (A) the sample concentration step are shown. These phenomena will be discussed further in the Field Evaluation section. in various environmental matrixes, with high precision and accuracy (18) . For the validation of this method, we first endeavored to establish that the % recovery of native glyphosate and AMPA were equal to the % recovery of the surrogate, ) and the slope of the fitted line, respectively. Values for R 2 and the slope shown in these 2 figures were calculated using the linear least-square curve fit function (LINEST) in Excel without forcing the origin through zero.
Laboratory Evaluation of RP-LC/IDMS Analysis of
From Figures 7A and 7B , it can be seen that, in both matrixes, the recoveries of the native glyphosate and 
Preparation of Water Samples: TurboVap or Roto-Evaporator
The preparation of water samples was straightforward and was achieved using either a roto-evaporator or TurboVap evaporator for sample reduction. Advantages of using the TurboVap include its inherent multiplexing and automation abilities which allow for the possibility of greatly enhancing a laboratory's sample throughput and operation efficiency for glyphosate analysis. Spike recovery quality control data for glyphosate and 13 C 15 N-glyphosate of various water samples prepared using either a roto-evaporator or a TurboVap evaporator are shown in Table 3 . From Table 3 , it can be seen that recoveries of the roto-evaporator-prepared samples are much more consistent than those prepared using the TurboVap evaporator. It is also evident that recoveries of glyphosate and 13 C 15 N-glyphosate in each sample correlated very well using either approach. This data strongly supports the use of IDMS procedures outlined in this study for the accurate determination of the glyphosate content in water or vegetation samples. However, in the absence of an isotopically labelled surrogate to carry out IDMS protocols, the use of a roto-evaporator is recommended to achieve a more desirable data quality.
Field Evaluation of RP-LC/IDMS for Glyphosate and AMPA Analysis
Field evaluation of the gyphosate water analysis method was done using water samples collected from water beds of agricultural, rocky, and forestation areas and were characterized by the elemental, chlorine, and total organic carbon analysis data shown in Table 4 . Recovery data of 13 C 15 N-glyphosate, obtained by adding the borate buffer before and after (when available) sample concentration, are also listed. The data indicates that the cause of glyphosate recovery problems is likely due to the residual chlorine and not the chemical properties of the water samples. The first assumption would be that higher chlorine levels in the treated water shift the FMOC-Cl and glyphosate reaction (Figure 1) to the left, reducing the yield of the reaction and, thus, method recovery. If this were to be the case, one could expect approaches such as the use of sodium thiosulfate to quench the effect of chlorine; the use of silver nitrate to precipitate Cl -and Cl 2 as AgCl; or the acidification of the sample under vacuum to drive off residual chlorine prior to sample concentration could resolve the recovery problem. In our laboratory, however, none of these approaches resolved the low recovery problem. Additional experiments are being performed to explain the role of chlorine in the glyphosate analysis.
Data shown in Table 4 suggest, empirically, that the addition of the borate buffer prior to the sample concentration step provides an effective solution for the glyphosate recovery problem. We investigated this further and confirmed that adding the borate buffer after the sample evaporation will not affect glyphosate recoveries of nonchlorinated water samples. As a result of these observations, this laboratory uses the direct buffering approach for the analysis of all water samples, in which borate buffer is added to the sample prior to volume reduction.
Figures 8A and 8B show, respectively, correlation plots of recoveries of glyphosate and N-glyphosate in these real world samples. Method performance of this glyphosate water analysis method was validated using treated water sample matrix spike QC samples over a 6-month period. This is summarized in Table 5 , with results of uncorrected recoveries of glyphosate, 13 C 15 N-glyphosate, and corrected recoveries of glyphosate calculated by using the IDMS protocol. Table 5 shows that the recovery of native glyphosate and 13 C 15 N-glyphosate of each sample correlates well but ranges from 6 to 58%, with an average recovery of 23 ± 13%. IDMS protocol greatly improved the method performance by bringing the method recovery from a low of 23 ± 13 to 98 ± 8% over a 6-month period. Using the prescribed Environmental Protection Agency (EPA) protocols (18) for IDMS analysis (i.e., excluding recoveries outside the range of 25-150%), one can improve the performance from an average method recovery of 34 ± 10 to 99 ± 8% for glyphosate analysis. This method performance data suggest that this method offers good consistency and accuracy as is required for drinking water regulation and monitoring purposes.
In the case of the real world vegetation matrix ( Figure 8B ), results are shown for samples ranging from tree leaf (apple, cherry, poplar) to agricultural produce (tomato, tobacco, beans) to common floral garden plants. As expected, there is minimal correlation between the spike recovery data for AMPA and 
Conclusions
Quality control data obtained from routine real world sample matrix spike analysis showed superb correlation between recoveries of glyphosate and 13 C 15 N-glyphosate and, thus, validated the IDMS method for glyphosate analysis. We also demonstrate that, using standard IDMS protocol, the level of glyphosate in environmental water and vegetation samples can be accurately determined using a Method validation and quality control data of AMPA analysis showed good precision but inferior accuracy, as typical method recovery ranges from 58 ± 6 to 117 ± 5%, depending on matrixes.
This performance data render this procedure a good long-term monitoring method for AMPA analysis but it is not suitable for enforcement purposes. The use of a bench-top mass spectrometer supported a practical and cost-effective IDMS glyphosate analytical method with the highest precision and accuracy possible. Considering the common occurrence of glyphosate in the environment, its possible effect on human health, and the predictable data quality enhancement, the glyphosate analysis should be done by the 
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